Abstract: A new polythiourethane thermosetting system based on a diisocyanate and a trithiol was studied. After characterization of the reactive species, two critical temperatures, namely T g∞ (maximum glass transition temperature of the thermosetting system) and gel T g (T g of the material at the gel point), were determined. The conversion at gel point was also determined and compared to the theoretical prediction. Two different characteristics of the evolution of a reactive system, T g and conversion x as a function of time, were related. This is of particular interest for understanding the curing process, especially when non-isothermal cure schedules are used. Viscoelastic and plastic properties were investigated, with the aim of establishing connections between the chemical structure and properties through detailed analysis of the polymer chain motions (β and α relaxations). Measurements of the storage modulus at the rubbery plateau and of the critical strain intensity factor K Ic complete the study.
Introduction
In recent years, transparent polymers have found increasing applications as optical materials replacing inorganic optical materials because of their lightness and good impact strength, mouldability or processability, and dyeability. However, the refractive index of the first polymers used, e.g., diethylene glycol bis(allyl carbonate) resin, which is a typical optical polymeric material, was as low as 1.49 -1.50 [1] . Hence, an eyeglass lens made from this polymer has the disadvantage of being too thick at both centre and edge when compared to inorganic optical lenses. New types of optical polymers with high refractive index and low chromatic dispersion (high Abbe number) were needed. The best way to increase the refractive index of optical polymers is to introduce high-atomic-weight atoms such as sulfur in the polymer structure. Sulfurcontaining polymers including polythiourethane are, therefore, nowadays widely used as optical materials because of their high refractive index [2] [3] [4] . Several methods are suitable to synthesize polythiourethanes. Chain polymerization, especially cationic ring-opening polymerization of cyclic thiourethane compounds [5] [6] [7] , provides polythiourethanes with highly organized macromolecular structures and controlled architectures. Polyaddition reactions of polythiols with polyisocyanates yield A 2 B 2 thermoplastics [8] or A f B g (f, g, or both > 2) thermosetting polymers.
The present investigation examines a polythiourethane thermoset, i.e., a trithiol/diisocyanate formulation.
Tab. 1 
Experimental part

Materials
The polythiourethane thermosetting polymer was prepared from a mixture of a trithiol (4-mercaptomethyl-3,6-dithia-1,8-octanedithiol, MDO) and a diisocyanate (1,3-xylylene diisocyanate, XDI) (Tab. 1).
The 13 C NMR spectrum of XDI is given in Fig. 1 . The product was considered as pure m-xylylene diisocyanate, free of any para-or ortho-substituted isomers. On the other hand, 13 C NMR characterization of the trithiol product ( Fig. 2) , whose principal way of synthesis is described elsewhere [9] , showed the presence of side products. There are mainly positional isomers. Very small amounts of another side product coming from incomplete sulfuration are also present (see Tab. 2).
The results obtained by chemical titration of -NCO and -SH functions are presented in Tab. 1. The isocyanate equivalent measured by chemical titration is very close to the one determined from the chemical formula. The equivalent mass calculated from the structure of the trithiol is 86.7 g/mol. Considering the small amount of -OH functions highlighted by 13 C NMR and not titrated by iodine solution, the equivalent mass, which should be measured by titration, was calculated to be 87.3 g/mol. The chemical titration result confirms the NMR observations for both reactive species. are, respectively, the initial concentrations of mercaptan and isocyanate functions. r was calculated using molar masses deduced from the formula and assuming that isocyanate functions react with both -SH and -OH functions. Unless specified, the components were always used at r = 1.
Two different curing cycles were used. One isothermal cure was carried out at 120°C, corresponding to a curing temperature (T cure ) higher than the final glass transition temperature (T g∞ ) of the network, in order to prevent a vitrification process. Another curing cycle was long and smooth, as typically used for the cure of highly crosslinked thermosets for lenses in order to prevent heterogeneities on the lenses due to shrinkage phenomena. This type of smooth curing cycle requires the use of a catalyst. Metal ion catalysis of mercaptan-isocyanate reactions parallels that of hydroxyl-isocyanate reactions [10] . The catalyst used was an organo-tin compound, dibutyltin dichloride (DBTDCl). The smooth curing cycle is shown in Fig. 3 .
Diisocyanate and trithiol -liquid and miscible at any temperature -were mixed together in a glass reactor in an ice bath for about 1 min until a homogeneous mixture was obtained. The mixture was then degassed in vacuum for 30 min in the ice bath to avoid any reaction, and finally cast into a mould at room temperature.
Polymerizations at different curing cycles were carried out in an oven.
When using DBTDCl as a catalyst, the required amount was dissolved in the diisocyanate just before mixing it with the trithiol. The quantity used was 0.01 wt.-% of the reactive formulation. Samples were cured just after mixing.
2.2.
1 H and 13 C NMR 13 C and 1 H NMR spectra were recorded at room temperature on a Bruker DRX 400 device operating at, respectively, 400 and 100 MHz. Deuterated chloroform was used as the solvent.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) experiments were carried out in a Mettler DSC 30 apparatus, which was calibrated with high-purity indium in fully dry argon atmosphere. A sample mass of 8 -10 mg was selected as a compromise between the thermal detection limit and the existence of a thermal gradient in the sample. The sealed aluminium pans containing the product were heated under continuous flow of U-grade argon. The glass transition temperature T g was taken at the midpoint of the transition.
The reaction rate was mainly followed by dynamic DSC measurements. The basic assumption made in treating calorimetric data to obtain reaction kinetics is that the heat of reaction evolved at any time is proportional to the number of moles of remaining reactant consumed during the scan. Moreover, it is also assumed that the specific heat of the material either remains constant or varies linearly with the temperature during a scan while both temperature and degree of cure change simultaneously.
Dynamic scans were carried out first at 10°C/min from -130 to 30°C to determine the glass transition temperature of the samples. They were then conducted at 3°C/min from 30 to 200°C to determine the total heat of reaction, ∆H 0 , by fully curing the unreacted formulation during the dynamic scan in the DSC. The same scheme was used to determine the residual heat of reaction ∆H res at different times of the cure. In a second dynamic scan, the T g of the fully cured material, T g∞ , was determined at 10°C/min. Different heating rates were tried to fully cure the initial formulation by dynamic scans. The chosen heating rate (3°C/min) was the maximal heating rate, avoiding degradation. It was checked that the final mass of fully cured material was equal to the mass weighed before the experiment. Furthermore, T g∞ measured during the second scan was verified to be equal to that of a material fully cured in smooth 5
conditions. The temperature corresponding to the midpoint of the transition was taken as the T g , and the residual heat of reaction was calculated from the exothermic peak by integrating the area between the heat flow curve and the baseline. The extent of reaction of each sample can be calculated by:
FTIR measurements
To follow the reaction rate, infrared analyses were performed on a Nicolet Magna IR TM 550 FTIR spectrometer using KBr pellets. -CH 2 -and phenyl group bands were assumed to be unmodified during the reaction and used as a reference (integration between 2700 and 3150 cm -1 ). The disappearance of the isocyanate functions was followed in the isocyanate band area (integration between 2000 and 2500 cm -1 ).
Volumetric titration of free thiol functions
Chemical titration of free thiol functions was used to determine the trithiol product equivalent mass. It was conducted by iodometric titration of thiol functions, which is based on the following oxidation-reduction process [11] [12] [13] [14] : Chemical titrations of free thiol functions were also used to follow the reaction rate in the pre-gel stage. The conversion x(t) can be calculated from the following formula:
where V eq(t) and V eq0 are the equivalent volumes at t and t = 0, respectively. Each sample's titration was repeated at least 3 times.
Volumetric titration of free isocyanate functions
The isocyanate equivalent was determined using the ISO 14896:2000 standard. Isocyanate groups were transformed into urea groups using dibutylamine in excess. The unreacted dibutylamine was then determined by titration with a 1 M HCl solution using bromocresol green as indicator.
Dynamic mechanical analysis
Two different devices were used for viscoelastic measurements. Most of the thermomechanical measurements were carried out on fully cured samples with a Rheometrics Solid Analyser (RSA II) using a three-point bending geometry to get a dynamic mechanical spectrum (storage modulus E', loss modulus E", and loss factor δ) between -130 and 180°C at a frequency of 1 Hz and heating at 2°C/min rate. The samples were parallelepipedic bars (2 mm × 10 mm × 48 mm). The same device was 6
used to obtain the tensile dynamic mechanical spectrum and the modulus at the rubbery plateau at the same frequency and temperature ramp, using 1 mm × 3 mm × 30 mm bars.
The multifrequency analysis was carried out on a Q800 device from TA Instruments. Single cantilever geometry was used. The frequency scaled from 0.1 to 32 Hz. Temperature steps were used in order to stabilize the temperature inside the sample. Measurements were taken every 2.5°C with a 3 min isothermal stabilization. The samples used were 2 mm × 10 mm × 25 mm bars.
The multifrequency analysis was used to determine the apparent activation energy of the β transition. In the secondary relaxation range, master curves were built following the frequency dependence of the temperature maximum, assuming an Arrhenian dependence of the transition. The temperatures T and T 0 are related to the corresponding test frequencies f and f 0 by the following relationship:
The apparent activation enthalpy ∆H ≠ap and entropy ∆S ≠ap were calculated using the equations proposed by Starkweather [15] :
where R, k and h, respectively, are the gas constant, Boltzmann's and Planck's constants, and T 0 is the characteristic temperature relative to the reference frequency of 1 Hz.
Uniaxial compression tests
Uniaxial compression tests were carried out on a MTS 810 hydraulic testing system from MTS Systems Corporation equipped with a temperature chamber. The samples used were parallelepipedic bars (3 mm × 3 mm × 6.5 mm). The deformation rate for the experiments was 2·10 -3 s -1 . Stress-strain curves were collected at temperatures ranging from -20 to 70°C. Before the tests, samples were stabilized at the chosen temperature for 30 min. The strain values involved in the experiments are quite small (typically less than ε = 0.15), the nominal stress was then supposed to be identical to the true stress and used without further manipulation.
Fracture toughness K Ic
The critical stress intensity factor, K Ic , was obtained from three-point bending tests performed on single-edge notched specimens (SEN). The procedure proposed by Williams and Cawood [16] was strictly followed with a crosshead speed of 10 mm/ min. K Ic was calculated as the mean value of 10 tests at least.
Results and discussion
Reaction rate and gelation
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Reaction rate and glass transition temperature measurements were carried out by DSC. Sample tubes containing about 2 g of the reactive formulation were placed in a thermoregulated bath (either at 120°C, or by using the smooth curing cycle). The sample tubes were collected at different times, chilled first in liquid nitrogen to stop the reaction and then stored in an ice bath. Part of the reactive medium was then studied by DSC and another part was dissolved in tetrahydrofuran (THF) to detect the gel point by the insoluble method. Two other parts can be used for FTIR and titration measurements. Fig. 4 shows the dynamic scans obtained by fully curing formulations in the DSC. The glass transition temperature of the initial mixture, T g0 , can be observed at around -106°C. A sharp exothermic peak (T peak = -63°C) followed by a sharp melting endo-therm (T peak = -18°C) corresponds to a crystallization/melting phenomenon due to the diisocyanate. The heat of crystallization was verified to be equal to the heat of melting, meaning that no species were crystallized at low temperature and that the values measured at the glass transition temperature, T g0 , were correct. The melting endotherm is then followed by a broader exothermic peak representing the evolution of the reaction. The crystallization/melting phenomenon disappears quickly by scanning samples at the early stage of the reaction.
The extent of reaction determined by DSC measurements was compared to conversions determined by FTIR and thiol titration. The results obtained when curing the samples in smooth conditions are listed in Tab. 3. There is good agreement between values obtained using the different experimental techniques. The kinetic curve α = f(t) determined from DSC measurements for a system cured at 120°C is given in Fig. 5 . The main values corresponding to gelation are listed in Tab. 4: time to gel t gel , gel conversion, x gel , the glass transition temperature at the gel point, gel T g , and the curing temperature at which the gel appears when using the smooth curing cycle, T gel .
Tab. 4. Characteristics at the gel point 
gel T g was found to be close to 0°C, meaning that the system never vitrifies even when curing it under smooth conditions. Furthermore, the values of x gel obtained by curing the sample at 120°C or under smooth conditions are quite similar, meaning that nearly equivalent network structures are formed whatever the curing process and that the reaction mechanism should remain the same.
Assuming the functional groups to be equally reactive, that reactivities are not affected by the reaction of neighbouring groups (no substitution effect) or by the size of the species to which they belong, and with the further hypothesis that intramolecular cycles are absent in finite species, i.e., considering an ideal network, then the conversion at the gel point can be calculated [18] . Considering a general A f + B g polyaddition (f and g representing the functionalities of each species), both species being used in stoichiometric ratio, the conversion at the gel point can be expressed as a function of the second moment of average functionalities:
When using a difunctional isocyanate with a trifunctional thiol (A 3 + B 2 polymerization), the calculation leads to x gel = 0.707. This value is similar (although slightly lower) to the values obtained by DSC measurements (see Tab. 4).
Many factors are likely to influence the conversion at the gel point, in particular substitution effects during polyaddition and the difference of functional groups reactivities. This deviation to ideal behaviour can be easily observed by measuring the critical gelation ratio. Considering an ideal network, a critical gel structure can be reached at this critical gelation ratio, which can be expressed as:
At full conversion, the samples with ratios r > r c are entirely soluble and the systems with r < r c contain both insoluble gel and soluble sol fractions. The mole ratio r being defined in our case as r = [SH] 0 / [NCO] 0 , in the case of an ideal A 3 + B 2 polyaddition r c should be equal to 2. The experimental determination of this critical gelation ratio was based on classical solubility experiments in THF. r c exp was determined to be 1.85 using the smooth curing cycle and 1.92 using isothermal cure at 120°C: a difference between functional groups reactivity and/or a substitution effect is highlighted by this result. A difference between functional groups reactivities could be due to the different reactive species present in the thiol structure: primary and secondary mercaptan functions and secondary hydroxyl functions. Moreover, a substitution effect can also show up, as was observed in many types of growing polyurethanes. Differences between r c th and r c exp were already observed, at higher extent, in polyurethane systems [18] .
Moreover, the critical gelation ratio varies according to the curing cycle used, meaning that the evolution of the distribution size of the growing species and the activation energies are different during polymerization. According to this result, x gel should be slightly higher using the smooth curing cycle, due to the higher difference to ideal behaviour. In both cases, the theoretical x gel value must be slightly higher than 0.707.
Another phenomenon is able to influence the x gel exp measured by DSC due to the experimental technique used. In the last stages of the reaction, the unreacted isocyanate and mercaptan groups would possibly be separated from each other, which would prevent them from meeting and reacting due to the high connectivity of the network. As a matter of fact, Oleinik [19] showed that the maximum conversion that could be expected in a tightly crosslinked epoxy-amine network was x = 0.95 -0.96. It is complicated to measure how much residual reactive functions survive the polymerization at very high extent of reaction, the experimental methods reaching their limits of application. Nevertheless, in our case, the crosslink density is high, and the maximum conversion could not be x = 1. In this case, the total heat of reaction determined from a DSC scan, ∆H 0 , would be slightly lower than the real one, leading to a slight overestimation of the extent of reaction at the gel point.
Relationship between T g and the extent of reaction
A one-to-one relationship between T g (t) and α(t) would enable one to use the experimental measurement of T g to follow the extent of reaction of the thermosetting polymer. This is particularly interesting at high conversion, when the residual heat of reaction is hardly detectable, whereas the glass transition temperature still sharply increases, showing that the extent of the reaction is not at its maximum. Among the works trying to establish quantitative relationships [20] [21] [22] , the 'modified DiBenedetto' equation was used [20] :
where T g0 is the glass transition temperature of the formulation at t = 0, T g∞ is the glass transition temperature of the fully cured network, and λ = ∆C p∞ / ∆C p0 where ∆C p∞ and ∆C p0 are, respectively, the changes in isobaric heat capacities at T g of the fully reacted network and of the initial unreacted mixture.
This equation assumes that the growing network is an ideal binary system, and does not take into account the different contributions responsible for the evolution of T g with conversion: chain end concentration diminution, molar mass increase and crosslink formation. However, all parameters have physical significance and are measurable, there is no adjustable parameter, and it is in most cases in good agreement with experimental results [20, [23] [24] [25] . In fact, the main drawback of this equation is the uncertainty in the determination of T g∞ and ∆C p∞ due to topological limitations at very high conversions. Assuming that for the fully cured network x ≈ 1, a very good relationship between T g and α is obtained. All the parameters were measured by DSC (Tab. 5). The λ value is nearly similar to those found for dicyanate ester monomers [23, 25] and to those reported for several epoxy networks [17] . The single curve representing T g as a function of the extent of reaction was generated from data obtained using the isothermal cure at 120°C and curing in smooth conditions (Fig. 6) . It is obvious for this system that glass transition temperature and conversion show a one-to-one relationship satisfactorily modelled with the modified DiBenedetto equation. As a consequence, T g can be used to monitor conversion. 
Dynamic mechanical analysis
The polythiourethane thermomechanical behaviour obtained using the three-point bending method is shown in Fig. 7 . The α relaxation associated to the glass transition phenomenon is 93°C at 1 Hz. The network exhibits also three transitions in the glassy state. The first two relaxations at low temperature occur at around -120 and -60°C. They are assigned to very local motions. Although the assignment of such type of relaxations is often controversial, the first one could be due to -CH 2 -CH 2 -motions in the thiol structure [26] . The third transition is broad and occurs at around 30°C. The motional processes responsible for this secondary transition were further investigated. As shown in another publication [27] and resulting from the consideration of a series of polythiourethane networks in which the type of isocyanate and thiol have been modified in order to vary the crosslink density, the β motions present a cooperative character on a rather short scale, by propagating through the thiol structure.
As shown in numerous studies on the β secondary transition in epoxy networks, the impossibility of drawing a consistent master curve all over the β transition E" peak drawn at different frequencies is indicative of the existence of different types of motions [28] [29] [30] . On the contrary successful building of a master curve is regarded as evidence for a simple motional behaviour in the whole temperature range corresponding to the β transition. The former situation is encountered in densely crosslinked epoxy-amine networks. It was shown that localized motions at the spatial scale of an epoxy-amine repeating unit occur at low temperatures, whereas cooperative modes implying more units are responsible for the high-temperature part of the relaxation [28] . Fig. 8a shows the dependence of the β relaxation on the test frequency. The plot of the loss modulus vs. reciprocal temperature, 1/T, gives the shifts between the different isochrones. In conclusion, the results cannot be interpreted in terms of a single relaxation process, which should not show a frequency dependence of the height of its maximum. It indicates the existence of several processes with different activation energies. Moreover the drawing of a master curve all over the β transition is impossible, indicating a multiple motion phenomenon. As a consequence the secondary β transition was treated as a mean phenomenon by superposing curves in the middle temperature range around the maximum (E" = E" max , T = T max ), characterized by an apparent activation energy E a ap (Fig. 8b) .
The cooperative nature of the motions was investigated with Starkweather's analysis of the activation energies calculated from experiments at different frequencies (see Eqs. (4) - (6)). Starkweather's model has been proved to be a very useful tool in studies on epoxies [28, 31] and also on thermoplastics [32] . In the case of our polythiourethane network, E a ap , the mean activation enthalpy ∆H ≠ap and entropy ∆S ≠ap obtained from Starkweather's analysis are displayed in Tab. 6 . Low values of the activation energy can be explained in terms of localized motions [33] whereas higher values correspond to cooperative motions [34] . More interestingly ∆S ≠ap can be considered as an indication of motional cooperativity. Values of the order of 100 kJ/mol correspond to a rather high motional cooperativity, comparable with those obtained in epoxy-amine thermosetting polymers [30, 31, 35] , in which the cooperative modes were shown to extend over more than six units. Thus, as in epoxy-amine systems, the β relaxation motions in polythiourethane densely crosslinked networks result from a distribution of motions, which was shown to be a general phenomenon of the secondary modes in polymers [36] . These motions range from very localized modes to more cooperative motions. Fig. 9 shows the general shape of stress-strain curves of the material under study. Namely, an initial linear evolution typical of the elastic response, then a curvature corresponding to the inelastic response before the yield point attained at the maximum stress σ y , and finally strain softening until reaching the plateau characterized by the plastic flow stress, σ pf .
Plastic deformation and yielding properties
The plastic behaviour of the thermosetting polymer was investigated in compression mode at temperatures ranging from -20°C to its glass transition temperature. Data analysis was based on the inspection of the temperature dependence of yield stress, σ y , and strain softening, SSA = σ y -σ pf , in order to establish connections between the chemical structure of the polythiourethane and its yielding behaviour. Fig. 10 displays the uniaxial compression curves obtained at different temperatures. It is known that plastic deformation events are connected to the β relaxation motions at low temperature and to the α motions when approaching the main relaxation [37] . A classical representation to observe the cooperativity between α and β motions is σ y /E = f(T), to take into account the influence of Young's modulus on the yield stress (Fig. 11) .
The slope changes slightly around the β transition temperature (20°C), in agreement with the fact that β motions are no good α motion precursors [38] . σ y /E decreases faster after the β transition, meaning that yielding is easier then. This comforts the implication of β motions in the yielding process. Variations of the strain softening amplitude, SSA, as a function of temperature are just the resultant of the effects on σ y and σ pf . As shown in previous studies, strain softening tends to vanish at high temperatures (between T β and T α ) in the situations of β-α coupling [37, 38] : the molecular motions involved at the yield point are quite similar to those responsible for the plastic flow. On the contrary, SSA presents a constant large value when α and β motions do not involve the same units and subunits: β-type motions and α-type motions are concerned in yielding and plastic flow, respectively. (Fig. 12 ). First at low temperatures, SSA decreases with increasing temperature, meaning an increase of the motion cooperativity. This is coherent with the previously detailed multifrequency analysis exhibiting a multi-mode β relaxation ranging from very localized motions to more cooperative ones. Then at higher temperatures (but well below T α ), SSA remains constant within the experimental error and takes the constant and high so-called SSA 0 value, meaning an absence of coupling between α and β motions. Yielding is then associated to β motions while flowing is associated to α motions.
These results allow concluding that low cooperativity exists between β transition motions and α transition motions, far lower than cases dealing with strong coupling between α and β motions, as rejuvenated poly(methyl methacrylate) or methyl methacrylate-co-glutarimide copolymers [37] .
Rubbery plateau and M c
The mean molar mass between two network crosslinks M c can be related to the storage modulus using data taken from the DMA spectrum approximately 40 K above T α by the following formula [39] :
where A is the front factor, ρ is the density (1.36 g/cm 3 , taken at 25°C for the fully cured polythiourethane), T is the temperature in K (taken at 398 K, about 40 K above T g ), R is the gas constant and E' the storage modulus. Applying the rubber elasticity junction-fluctuation theory, two main values can be assigned to the front factor. The phantom model supposes that no interactions, neither transient nor permanent, between network chains exist. The front factor from the phantom network, A ph , is defined as: 
where φ e is the effective functionality of crosslinks, equal to chemical functionality φ for perfect networks. In real networks, chains do interact, one of the consequences being the reduction of junction fluctuations. In the extreme case of no fluctuation, the junctions are displaced affinely with macroscopic strain. This affine model assumes the front factor to be A aff = 1. The calculation of the theoretical storage modulus using the theoretical mean molar mass between two network crosslinks (M c,th = 362 g/mol) leads to E' aff = 37 MPa and E' ph = 12 MPa. The experimental value obtained from the storage modulus is E' exp = 18 MPa, i.e., closer to the phantom model value although the network density is very high, enhancing potential defects in the network structure (loops, dangling chains or non-reacted species…).
Fracture toughness K Ic
The critical intensity factor was measured, K Ic = 0.76 (± 0.06) MPa 1/2 , meaning a brittle behaviour of the material, due to the high level of crosslinks. Such a type of brittle behaviour can be observed on all tightly crosslinked epoxy-amine thermosets [40] [41] [42] .
Conclusion
The polyaddition reaction of a diisocyanate with a trithiol has been investigated using different experimental techniques, especially differential scanning calorimetry. The characteristic parameters at gelation were determined and the conversion at the gel point was shown to be close to the theoretical prediction. Whatever the curing process, glass transition temperatures and conversions showed a one-to-one relationship satisfactorily fitted with a modified DiBenedetto equation. Dynamic mechanical analysis demonstrated the existence of three secondary relaxations. The β relaxation motions involve crosslinks and were shown to result from a distribution of motions, ranging from very localized modes in the low-temperature part of the relaxation to more cooperative motions still localized within a few crosslinking points, not involving the main chain. These results were confirmed by the compression yield behaviour of the thermosetting polymer indicating a rather poor cooperativity between α and β motions. Comparison between experimental and theoretical storage moduli pointed to defects in the chemical structure of the thermoset. The critical intensity factor was small as in all tightly crosslinked thermosetting materials.
